Poor planned urbanization sustains the presence of malaria vectors in some urban areas. Here, we provide information on the spatial and seasonal distribution of Anopheles gambiae sensu lato and the dynamics of kdr mutation in Lomé, the capital city of Togo. Anopheles Larvae were collected in Lomé from January to December 2005, to assess their frequency and abundance. Susceptibility tests were performed from 2006 to 2009 on adults of Anopheles gambiae s.l. that emerged from the larvae collected at Akodesséwa following the WHO standard protocol, using DDT, deltamethrin, and permethrin. A molecular assessment of pyrethroid knockdown resistance (Vgsc-1014F kdr) was also conducted. In 2005, a total of 2,397 Anopheles gambiae s.l. larvae were collected. Out of 124 adults identified by PCR, 92.7% were An. coluzzii/An. gambiae and 13.2% were An. arabiensis. Anopheles coluzzii was more frequent throughout the year regardless the season whereas An. gambiae and An. arabiensis were more specific to the rainy seasons. A decrease of susceptibility was observed in An. gambiae s.l. during the 3 rounds. The Vgsc-1014F kdr frequency varied from 7.5% to 8.7%. This situation could affect the success of the integrated distribution campaign to provide individuals with ITNs and LLINs in Togo.
INTRODUCTION
The control of malaria, one of the endemic diseases in the world, has become a challenge because of the rapid demographic growth of some urban areas (Keiser et al., 2004; Hay et al., 2005) . Poorly planned urbanization characterized by inadequate housing conditions, lack of sanitation and inappropriate water drainage system is considered as one of the major factors contributing to the sustained presence of Anopheles gambiae in some urban settings (Hay et al., 2005) . According to the World Health Organization (WHO), the global prevalence of malaria was estimated at 219 million cases and 435,000 deaths in 2017 (WHO, 2018) . The burden is heavy in the WHO African Region, where an estimated 93% of all malaria related deaths occurred, and children under 5 years of age are most affected (WHO, 2018) . In addition to the mortality rate and the loss of productivity due to the illness, malaria has devastating effects on the cognitive development of children who survived the disease and leaves many disabled for life (Idro et al., 2006; Markley and Edmond, 2009 ). Millions of clinical episodes of malaria occur annually in urban areas, indicating that the epidemiology of this disease is changing (Keiser et al., 2004) . In Togo, it was reported that in 2016, 38% of outpatient consultations and 17% of hospital admissions were related to malaria morbidity (PNLP, 2016) . In 2010, the percentage of confirmed cases in the city of Lomé was 38% (PNLP, 2010). The 2004 integrated child health campaign which included a free distribution of insecticide treated bed nets (ITNs) was the first antimalarial campaign undertaken on a national scale (Wolkon et al., 2004) , followed by the universal coverage through the distribution of Long Lasting Insecticidal treated Nets (LLINs) in 2011 (Stevens et al., 2013) .
Mosquito species responsible for the transmission of malaria parasites in Africa, are mainly Anopheles gambiae (formely An. gambiae S form), An. coluzzii (formerly An. gambiae M form) Coetzee et al., 2013) , An. arabiensis, and An. funestus s.s. which are widespread in tropical and subtropical Africa (Sinka et al., 2012; Coetzee et al., 2013) . It is also important to underline that the adult behavior and larval biology of these species are different, hence making their control much easier. An. coluzzii, An. gambiae, and An. arabiensis are members of the An. gambiae complex, and, studies of the spatial distribution patterns of An. gambiae s.l. have shown that An. arabiensis is a major malaria vector, particularly in southern Africa, Madagascar, and along the East-West belt fringes of the Sahel (Coetzee et al., 2000; della Torre et al., 2005) . This species is present in sympatry with the An. gambiae in East Africa, where An. coluzzii is absent Santolamazza et al., 2015) , and with both An. gambiae and An. coluzzii in West Africa . Recently, it was reported in Togo that An. gambiae, An. coluzzii, An. arabiensis, and An. funestus are the main malaria vectors (Ahadji-Dabla, 2014) and studies showed that in Lomé, both An. gambiae and An. coluzzii occurred in sympatry with An. arabiensis (Amoudji et al., 2019) . Although the distribution of An. arabiensis is also influenced by eco-climatic variations, the species can now be found invading urban areas possibly because of adapting to human activities/environments (Dabiré et al., 2012) .
Pyrethroids are the only group of insecticides recommended for net treatment few days ago (Zaim et al., 2000) . Unfortunately, Anopheles mosquitoes in many parts of Africa have become resistant to pyrethroids and such situation could jeopardize the success of vector control measures as studies showed a reduction in the susceptibility to insecticides principally to DDT, deltamethrin and permethrin in the Anopheles populations of Lomé (Ahadji-Dabla et al., 2014) . In Africa, the major foci of pyrethroid resistance are found in the western and central regions, especially in cotton-growing areas where pyrethroids have been applied intensively against cotton pests (Yadouleton et al., 2011) . In these areas the predominant mode of resistance is a reduced sensitivity of the target site due to a single mutation in the sodium channel gene (kdr) (Donnelly et al., 2009 ) also termed a voltage gate sodium channel knock down mutation (Vgsc-1014F kdr). This mutation has been implicated as the predominant mode of resistance in An. gambiae populations (Ranson et al., 2000) . The development of resistance to pyrethroids and other insecticides in An. gambiae populations has become a serious threat to the effectiveness of malaria vector control (Yadouleton et al., 2010) . In urban areas, this resistance is related to the contamination of breeding sites by pesticides [e.g. Decis, a deltamethrin-based insecticide and malathion (organophosphate)] used in crop protection and vector control, and other pollutants like oils and detergents (Diabaté et al., 2002; Koudou et al., 2005; Akogbéto et al., 2005) . In this study, the spatial and seasonal distribution of An. gambiae s.l. and their susceptibility status to DDT and pyrethroids were evaluated. The dynamic of the Vgsc-1014F kdr mutation was characterized.
MATERIALS AND METHODS

Study area
The study was carried out in Lomé, the capital city of Togo, located on the Gulf of Guinea on the Atlantic Ocean (06°07′30″N; 01°13′34″E). There are three geomorphologic areas in Lomé: i) a low sandy coast, ii) a lagoon depression and iii) a clayey sandy highland. The coastal band is very slender, with a maximum width of 2 km (Addra et al., 1994) and is limited partly in the North by the lagoon depression. The depression (30 km 2 and 300 m width) is found across the city from West to East. A highland known as "Plateau de Tokoin", with a 10 m cliff, overhangs the lagoon and decreases slightly in height northwards. The height of the highland also decreases from West to East. Lomé is subdivided into five health districts and has two dry seasons (from December to March and from August to September) and two rainy seasons (from April to July and from October to November). Figure 1 presents the data of the rainfall and the temperature on the larvae abundance during the period of the study.
Mosquito sampling
In 2005, Anopheles larvae were collected using dipping method in 14 neighborhoods of Lomé. The dissolved electrolytes of the breeding sites' water were determined using Dissolved Solution conductimeter to measure its conductivity (µS/cm). Both the pH and the temperature were also measured. The geographical coordinates of each prospected site in the different neighborhoods were recorded using a Global Positioning System device (GPS Garmin 48) (Table 1 ) and were geo referenced on a map using ArcView 3.2 software.
Larvae or pupae collected from each site were stored in plastic boxes and transported for rearing in insectaries (30 °C±2 °C; 12H LD and 72±2% RH). To study the susceptibility status of Anopheles population, larvae were collected in Akodesséwa (06°09′23″N; 01°16′02″E) in 3 rounds because of their abundance and frequency throughout the year.
Susceptibility bioassay
The susceptibility bioassay was conducted in compliance with the WHO standard protocol (WHO, 1998), using two to four days old adult females of Anopheles gambiae s.l. from Akodesséwa in 2006, 2008, and 2009 . The following insecticides were tested: DDT (4%), deltamethrin (0.05%) and permethrin (1%). For each treatment, five test tubes were used: one untreated paper as a control and four treated papers, and an average of 25 F 0 female mosquitoes were introduced into each tube. Females of An. gambiae s.l. used in this study were exposed for one hour to insecticide-treated papers and their knockdown rate was recorded every ten minutes. Insecticide susceptibility status of the wild mosquitoes was compared with that of the reference strain "Kisumu", which is fully susceptible to insecticides. Mosquitoes were then transferred to a recovery tube and supplied with 10% glucose solution after 1 h exposure. Their mortality rates were recorded 24 hours post-exposure. Both dead and surviving mosquitoes were stored separately at -20 °C on silica gel for further molecular characterization.
Identification of sibling species and characterization of Vgsc-1014F kdr mutation
The morphological identification of the emerged adults was made using the keys of Gillies and De Meillon (1968) , and Gillies and Coetzee (1987) . Each mosquito identified was then introduced into an Eppendorf tube containing silica gel and stored at -20 °C for PCR analysis. DNA was extracted according to Scott et al. (1993) from 124 legs of individual mosquitoes and processed by PCR following the protocol described by Fanello et al. (2003) . Additional PCR assays for the detection of the presence of Vgsc-1014F kdr mutation alleles (Martinez Torres et al., 1998) were done by pooling the survivors and the dead samples after exposure to each of the insecticides. The presence of Vgsc-1014F kdr was characterized using Agd1 and Agd2 as common primers and Agd3 and Agd4 as resistant and susceptible primers, respectively: Agd1 (5′-ATA GAT TCC CCG ACC ATG-3′), Agd2 (5′-AGA CAA GGA TGA TGA ACC-3′), Agd3 (5′-AAT TTG CAT TAC TTA CGA CA-3′), and Agd4 (5′-CTG TAG TGA TAG GAA ATT TA-3′). DNA amplification and purification was performed with a Qiagen purification kit, followed by sequencing. Temperature conditions for DNA amplification were: activation step at 94 °C for 3 s followed by 35 cycles at 94 °C for 30 s, a hybridization phase at 55 °C for 30 s and at 72 °C for 10 s with final elongation for 5 min at 72 °C. To distinguish resistant and susceptible in sibling species, the expected band sizes are: 293 bp fragment for the common band, 195 bp for resistant allele and 137 bp for susceptible allele.
Data analysis
The frequency (F) and abundance (A) of Anopheles populations were determined in each district. Frequency (F) was calculated using the formula F = x/n; where x is the number of months when larvae were found; n is the number of months of prospection (12) in the year. Abundance (A) was calculated using the formula A = x/n; where x is the number of larvae collected; n is the total number of larvae collected during the year.
The Abbott's formula was used to correct the mortality rates when they were above 5% in the control batches (Abbott, 1925) and the resistant/susceptible status was determined using WHO criteria (WHO, 1998) . There is susceptibility among the mosquito population when their mortality rate is higher than 98% and there is resistance if their mortality rate is less than 80%. Mortality rates between 80-98% suggested possible resistance. Mortality rates and frequency of kdr alleles during the three rounds were compared by chi-square test using R software. 
RESULTS
Location of breeding sites
Ninety-three (93) breeding sites were found positive with the presence of immature mosquito stages in 14 visited (Table 1) . Seasons and rainfall influenced the number of positive breeding sites (Y = 0.06X + 3.6, R² = 0.6405). The maximum values of positive breeding sites were obtained in May (16.1%) and June (17.2%) which are the rainiest months of the year.
Abundance and distribution of Anopheles populations in Lomé
From January to December 2005; 2,397 larvae were collected. The number of larvae increased with the number of positive breeding sites (Y = 23.3X + 19.2, R² = 0.6178) and with rainfall (Y = 1.7X + 79.5, R² = 0.6017). Thus, more larvae were collected during the rainiest months (Figure 1) . The Frequency showed that larvae were frequent in Akodesséwa (92%) than Adidogomé (75%), Bè (54%), and Boka (50%) (Figure 2 ). In terms of Abundance, more larvae were collected at Akodesséwa (35%) and Adakpamé (25%) both located in the marshy zone ( Figure 2 ). There were two peaks of abundance which occurred during the rainiest month of the long rainy season (June) and of the minor rainy season (October).
From January to December 2005, 124 adults emerged from the Anopheles larvae were identified as members of An. gambiae complex. Three species were identified in our samples: An. gambiae and An. coluzzii both represented 92.7%, and An. arabiensis represented 7.3%. Figure 3 outlines the spatial distribution of the species. An. gambiae and An. coluzzii were identified at all the neighborhoods in the southern and northern parts of the lagoon as well as at the marshy and flooded areas of Adakpamé. On the other hand, An. arabiensis was collected in some of the neighborhoods located specifically in the northern zone of the lagoon. An. coluzzii was found in all collected samples throughout the year and at almost all the neighborhoods whereas An. arabiensis was collected only during the rainy seasons. An. gambiae was found particularly during the rainy season in the northern zone of the lagoon, in sympatry with An. arabiensis (Figure 3 ).
An. coluzzii developed under various salinity conditions whereas An. gambiae and An. arabiensis preferred moderate salinity conditions ( Table 2 ). The highest salinity conditions were found at Bè during the dry season with a maximum concentration of 15000 µS followed by Adakpamé and Akodesséwa. The breeding sites with a concentration of less than 500 µS were more favorable to An. arabiensis. In general, larval habitats with pH>7 were favorable for the development of Anopheles larvae. Figure 4 shows the insecticide resistance status of An. gambiae s.l. population collected in Lomé (Akodesséwa) during 3 collection rounds (i.e., 2006, 2008, and 2009 ). Throughout the surveys, the susceptible strain Kisumu displayed mortality rates not less than 99% for the three insecticides tested. In control groups (untreated papers), the mortality rates of wild An. gambiae population were less than 5%. During the three rounds, females of An. gambiae s.l. were fully resistant to DDT 4%. In 2006, there was suspected resistance to permethrin 1% and deltamethrin 0.05% with mortality rates of 97.42 and 96.14%, respectively.
Resistance status and Vgsc-1014F kdr mutation
A significant decrease in permethrin mortality rates was recorded between 2008 and 2009 (p<0.001). In 2008, An. gambiae s.l. was fully susceptible to deltamethrin but in 2009, susceptibility decreased (p<0.001). Though the frequencies of kdr increased during the three collection rounds especially in An. coluzzii, the differences were not significant (p>0.05) ( Table 3 ). The frequencies were 0. 70, 0.85, and 0.86 in 2006 70, 0.85, and 0.86 in , 2008 70, 0.85, and 0.86 in , and 2009 70, 0.85, and 0.86 in , respectively. In 2006 , the total of An. arabiensis identified in our samples was fully homozygote susceptible but in 2009, two individuals were homozygote resistant. Figure 4 : Mortality rates of An. gambiae s.l. exposed to DDT and pyrethroids during 3-round collections (2006, 2008, and 2009 ) in Lomé (Akodesséwa). 
DISCUSSION
Anopheles gambiae complex has the most efficient malaria vectors in the world (Coetzee, 2004) . Providing baseline information on the distribution and the abundance of the malaria vectors as well as their susceptibility to insecticides is very important for an effective malaria control in Togo. This study showed that in 2005, Anopheles larvae were present throughout the year in Lomé, but their frequency and abundance varied depending on the neighborhood and seasons as previously observed in other malaria endemic countries such as Benin (Govoetchan et al., 2014) . The presence of larvae was not only related to rainfall because a high number of larvae was collected during the dry season. During dry seasons, larvae were mostly observed and collected in polluted water bodies at Akodesséwa and Bè around the lagoon. The edges and beds of streams serve as Anopheles breeding habitats during the months with low precipitation; hence streams can produce large vector populations during the dry seasons as reported by Animut et al. (2012) . Larvae were also abundant at Adakpamé in the marshy and flooded zones as well as Adidogomé a poor water draining system area. People in these neighborhoods are also engaged in low income generating activities due to water availability in these flooded zones. Such activities offer semi-permanent breeding sites for the development of An. gambiae mosquitoes. During the rainy seasons, Anopheles larvae were collected at all the target neighborhoods in Lomé because of the abundance of breeding sites.
Three sibling species of An. gambiae s.l., namely, An. gambiae, An. coluzzii, and An. arabiensis were found in our samples while Coetzee et al. (2000) have additionally reported the presence of An. melas in Lomé. According to Bogh et al. (2003) , immediate saltwater concentration has a significant impact on An. melas' ability to colonize brackish water larval habitats and to compete with An. gambiae s.s. larvae. The absence of An. melas could be attributed to the sampling techniques because An. melas can also adapt to high salinity conditions which exist in Lomé. An. gambiae and An. coluzzii were the major species found in all the samples collected in Lomé. They were described as sympatric species (Coetzee et al., 2000) . Our results showed that this sympatry was observed mainly during rainy seasons. However, in dry seasons, the species were (2005) . Anopheles gambiae and An. coluzzii were identified in this study. An. coluzzii was predominant over An. gambiae, as later found by Ahadji-Dabla et al. (2014) and these findings are similar to the results of studies carried out in Benin (Corbel et al., 2007; Yadouleton et al., 2010; Djègbè et al., 2011) and in some localities in Mali and Nigeria (Wondji et al., 2002; Awolola et al., 2005; Cisse et al., 2015) . Indeed, An. coluzzii survives better in polluted breeding sites (Wondji et al., 2005) and this could also explain its presence during the dry season whereas An. gambiae prefers rainy breeding sites and moderate salinity conditions. The seasonal discrimination of Anopheles species in Lomé could also be explained by an intra and interspecific competition. For this purpose, some studies have shown that during dry seasons, the scarcity of Anopheles breeding sites leads to a concentration of the species, and under overpopulation conditions, interspecific competition is in favor of An. coluzzii (Schneider et al., 2000; Koenraadt et al., 2004) . This competition would result in cannibalism which influences the dynamics of the populations of the species of An. gambiae s.l. (Koenraadt and Takken, 2003) or would depend on their ability to tolerate the prevailing conditions in their breeding sites particularly the temperature, the level of salinity, the presence of predators and of parasitic or pathogenic agents (Antonio-Nkondjio et al., 2011; Kudom et al., 2012) .
The frequency of the Vgsc-1014F kdr mutation observed in An. coluzzii was comparable to that reported in Benin (Djogbénou et al., 2011; Yadouleton et al., 2011) and in Ghana (Adasi and Hemingway, 2008; Baffour-Awuah et al., 2016) . Besides, Djègbè et al. (2011) reported an increase in the frequency of Vgsc-1014F kdr mutation especially in An. coluzzii in Cotonou, during a four-round survey of dynamics of insecticide resistance in malaria vectors in Benin Republic. In this study, the frequency increased from 0.70 in 2006 to 0.86 in 2009. This situation could be attributed to the intensive use of insecticide around this area especially for vegetable farming. The high frequency of kdr mutation could explain the decrease observed in the susceptibility of Anopheles populations in Lomé when exposed to pyrethroids and DDT, as reported by Reimer et al. (2014) . However, we can hypothesize that the fully susceptibility observed in 2008 for deltamethrin could be probably due to the sample size (115 in 2006 and 70 in 2008) . Our results indicate that populated neighborhoods of Lomé offer favorable conditions for the development of Anopheles population the yearlong, especially for An. gambiae and An. coluzzii. Such conditions are primarily caused by human activities and secondary by rainfall. The sanitary conditions observed in these populated neighborhoods also contribute to the selection of An. coluzzii. This study also demonstrated that the resistance dynamics in malaria vectors in one area can change with time, possibly in response to human activities. The increase of the frequency of the Vgsc-1014F kdr mutation in these vectors is quite worrying because it could compromise future success of the integrated distribution campaign of LLINs and IRS in Togo. For instance, a complete loss of efficacy of LLIN was recently reported (Riveron et al., 2019) . Etang et al. (2016) also recently reported that the intensity of deltamethrin resistance in An. gambiae s.l. leads to loss of LLINs bioefficacy. As such, it is important to set up an evaluation and monitoring scheme for resistance development and a cleaning program in the populated neighborhoods to reduce Anopheles populations during the dry season. The results clearly call for further studies to investigate the role of the lagoon in species distribution because An. gambiae and An. arabiensis were mainly observed in the northern zone of the lagoon. It is important to do a mapping of the resistance dynamics in Lomé by selecting a high number of neighborhoods to allow subsequent followups on the evolution of the kdr mutation within An. gambiae s.l. Finally, other types of insecticide resistance mechanisms such as ace-1 R , metabolic resistance and/or Vgsc-1014S kdr mutation should be investigated.
Conclusion
Our data showed that Anopheles larvae were abundant during rainy seasons and were relatively frequent in Akodesséwa and Adidogomé the whole year. An. coluzzii was the most present and observed species during the year. The susceptibility in An. gambiae s.l. has decreased from 2006 to 2009 with various kdr frequencies. The follow-up of the larvae abundance and frequency in one hand and the distribution of Anopheles species and their kdr dynamics in another hand will help put in place better mosquito control measures, hence contributing to the reduction of malaria transmission in Sub-Saharan Africa.
